In the central Netherlands, the Rhine follows a course imposed by Late Quaternary glaciation, forcing it to cross several tectonic blocks of the Roer Valley Graben system before entering the south-eastern North Sea Basin. Holocene sea-level rise resulted in the formation of a coastal prism (Holocene Rhine-Meuse delta). Across the Peel Boundary Faultzone (PBF) in the central delta, differences in subsidence between the downstream Roer Valley Graben and its upstream shoulder influenced fluvial deposition. This study aims to identify the sedimentary response upstream and downstream of the PBF and use that to quantify differential subsidence rates. The local identification and quantification of the subsidence component within deltaic relative baselevel rise, may serve to determine to what extent coastal prism aggradation and resulting architecture are controlled by downstream sea-level rise, local tectonics and discharge coming from upstream.
Introduction
This study focuses on the response of the river Rhine to differential subsidence across fault zones in the central Netherlands. The study area (Fig. 1) is part of the coastal prism that formed during Holocene sea-level rise towards the present high stand and covers the active Peel Boundary Fault zone (PBF). The PBF is related to structural blocks of the Lower Rhine Embayment, an intracontinental rift system that grades into the southern North Sea Basin (West Netherlands Basin, Fig. 1 , Geluk et al., 1994) . It has a main normal fault that extends from the surface to a depth of ≥17 km (Camelbeeck & Meghraoui, 1998) . Late Quaternary Rhine channels traversed the PBF as they entered the Roer Valley Graben (RVG, the main depocentre of the Lower Rhine Embayment) from the Northeast. South of the Rhine-Meuse delta, the PBF-zone is narrow (less than 1 km wide) and separates the RVG from the Peel Block that forms a topographic high. In the central Rhine-Meuse delta the faultzone widens and is less well defined. The study area covers the north-western extension of the RVG, PBF and Peel Block (Fig. 1A) .
The PBF is of Paleozoic age, was reactivated in the Tertiary and has been active since (Fig. 1B) . Studies showing Late Quaternary and Holocene activity include: seismic monitoring and earthquake hypocentre calculations (Ahorner, 1992) , shallow seismographic surveying , historic seismology (Alexandre, 1994) , palaeo-seismologic studies in trenches and back-stripping of cores (Houtgast & Van Balen, 2000) and palaeogeographic studies Houtgast et al. 2002; Cohen et al., 2002) . Monitoring of seismicity and screening of historic sources yielded estimates of earthquake activity (max. local Richter magnitude observed: 5.8 ± 0.1, Roermond-1992) for the last 100-1,000 years. Palaeo-seismologic cover a wider temporal range (along the RVG typically up to 200,000 years) and used exposures in trenches dug over topographic fault-scarps (Camelbeeck & Meghraoui, 1998 , Vanneste et al., 1999 , Lehmann et al., 2001 ; Van den Berg et al., 2002) . These studies generally are conducted outside the Rhine-Meuse delta, in the RVG and upstream along the Meuse valley ( Fig. 3.1 ). The delta itself is unsuitable for trenching because the groundwater table is near the surface. Moreover, the exact locations of faults with Holocene offset are unknown. Yet, the Late-Glacial-to-Holocene fluvial record in the study area is continuous, and covers the north-western extensions of the PBF (Cohen et al., 2002) . This setting offers opportunities to quantify tectonic deformation and fill the gap between studies based on seismic monitoring and palaeo-seismologic interpretations of trenched Quaternary sediments, while exploring the fluvio-deltaic sedimentary response to differential subsidence.
Site selection: Holocene floodbasins
Although low-gradient channel belts preserved in the Rhine-Meuse delta indicate neotectonic activity (deformations in longitudinal profiles, asymmetric meander belts, distribution of avulsion sites; see Verbraeck, 1990; Stouthamer, 2001) , it is hard to accurately quantify post-depositional vertical deformation from channel belt deposits. Quantification of aggradation rates by Törnqvist et al. (1998) and timing of the upstream migration of back-filling by demonstrated that differential subsidence is recorded in the floodbasins. In contrast to channel belts, fluviodeltaic floodbasins are a stable sedimentary environment: variation in surface elevation occurs over larger distances and the record is essentially continuous. Therefore, floodbasins are a more suitable environment to offer proxies for quantifying vertical neotectonics than channel belts, and hence this study focuses on the floodbasin sedimentary record. Zagwijn & Van Staalduinen (1975) . Base of Miocene (base Breda Formation) after Zagwijn (1989) .
Rising sea level is the primary control on aggradation rates within the floodbasins: the main body of the Rhine-Meuse coastal prim was deposited during Middle Holocene back-filling in direct response to the rising sea level (Van Dijk et al., 1991; Törnqvist, 1993 ). During this sea-level rise, accommodation exceeded sedimentation: floodbasin peat could form extensively because of the relative absence of sediment. Curves of groundwater level rise quantify aggradation at distal floodbasin locations. Accurately quantifying aggradation rates in floodbasins is only possible where compaction is near zero and hence can be neglected. Such sites (i.e. peat-covered flanks of buried eolian dunes, Jelgersma, 1961; Van de Plassche, 1982 , Van Dijk et al., 1991 Törnqvist et al., 1998) are available so the compaction problem can be avoided. In the inland parts of the delta upstream controls (discharge of water and sediment) interplay with the downstream controls, as is shown by the longitudinal gradient of isochrones within floodbasin peat (Van Dijk et al., 1991; Blum & Törnqvist, 2000, their Fig. 24) . Towards the Late Holocene, the rate of sea-level rise decreased. This is reflected by changes in fluvial style and increased clastic floodbasin sedimentation (Törnqvist, 1993; Berendsen & Stouthamer, 2001 ) and points to upstream controls becoming more significant and of influence further downstream.
Neotectonic activity causing locally higher subsidence rates is a secondary control in this delta. Reach-to-reach variation in sedimentary response to local subsidence conditions can be identified separately from general response to upstream (discharge change) and downstream (relative baselevel rise) controls, which have an impact over the whole delta. Local tectonic control ( Fig. 3. 2) can lead to anomalies in subsurface elevation, sedimentary facies and aggradation rates in a longitudinal direction, that can not be attributed to the primary controls. Post-depositional MSL +5 (m) Figure 3 .2: Differential subsidence as a tectonic control in deltaic fluvial floodbasins. Both postdepositional and syn-depositional controls can be identified. (A) Differential subsidence affects the graded slope of the river during deposition and causes local offsets at faults after deposition. (B) Differential subsidence affects the sedimentary architecture, causing local deviations from the general longitudinal trend in coastal-prism sedimentary architecture. (C) Differential subsidence affects accommodation. Buried dune sites allow the quantification of floodbasin aggradation rates, using agedepth relations of basal peat datings as a proxy for the rising groundwater (GW) level (Jelgersma, 1961; Van de Plassche, 1982; Van Dijk et al., 1991) . Differential subsidence makes groundwater rise curves diverge back in time.
tectonic displacement can be quantified from deformed surfaces (Fig. 3.2A ). Tectonic effects in the floodbasin sedimentary architecture, e.g. recorded by the distribution of organics and clastics within the sequence (Fig. 3.2B ) are useful when tracing faults, but are not suitable to quantify activity. Diverging curves of groundwater-level rise (Fig. 3 .2C) quantify differential subsidence (i.e. relative movement between tectonic blocks). For two nearby sites absolute rise of groundwater levels is equal, while subsidence may differ significantly.
Aims and approach
Since fault-activity and fluvial deposition in the Rhine-Meuse delta occurred simultaneously during the Late Glacial and Holocene, a sedimentary response reflecting tectonic-alluvial interplay can be expected in the shallow subsurface. For the central Rhine-Meuse delta, indications for Holocene tectonics have been reported by Törnqvist et al. (1998) , focussing on aggradation rates, and by ; ; Stouthamer (2001) , focussing on avulsion history. This study aims to identify this sedimentary response upstream and downstream of the PBF and use it to quantify differences in rates of subsidence. Specific aims of this study are: (a) To trace active faults of the PBF-zone within Holocene coastal prism and the Late-Glacial subsurface. In order to recognise sedimentary features related to differential subsidence, a solid framework for the sedimentary architecture of the study area is needed. For this purpose, a database of over 200,000 borehole descriptions and 1250 14C dates is available. (b) To quantify differential subsidence over time and space and constrain the timing of activity in relation to the fluvial response and discuss if displacements are related to gradual tectonic creep or to episodic events (displacement related to earthquakes). (c) To discuss interplay between local tectonic control and downstream and upstream controls, as well as its implications for coastal prism aggradation.
Geology of the study area
Through most of the Quaternary, the Rhine valley in the Netherlands was oriented SE-NW, following the structural trend. However, since OIS 6 (Saalian glaciation) the Rhine has essentially followed an E-W course, bordered to the north by relict ice-pushed ridges ( Fig. 3.1) . Thus, the river followed a glacially imposed course, transverse to the structural trend, forcing it to cross relatively stable blocks before entering the Roer Valley Graben in the study area (Cohen et al., 2002 ). An alluvial valley formed during OIS 4-2 Wallinga, 2001) as sea level had dropped considerably, exposing the North Sea floor and extending the Rhine river several hundreds of kilometres (Gibbard, 1995) . In the Late Glacial (OIS-2/1 transition), rivers have incised in response to climatic amelioration. In the Middle-Holocene this was followed by back-filling and the formation of a coastal prism, creating well preserved and datable deposits for each subsequent stage in the delta evolution (Fig. 3.3, 3.4) .
In the study area, Middle to Late Holocene deposits fill the Late Glacial palaeovalley and reach a thickness of 4 m in the east to 8 m in the west. The present surface has a gentle westward slope (~0.10 m/km) compared to the steeper Late Glacial (OIS 2) subsurface (~0.30 m/km). Upstream of the study area, the coastal prism thins. Downstream of the study area, the valley-fill thickens and spreads over older deposits to the north and south, reaching a width of over 40 km ( Fig. 3.1 ).
Sedimentary architecture of the coastal prism
The coastal prism in the study area consists of fine floodbasin deposits (intercalated beds of clay, silty clay, humic clay and peat) that are intersected by sandy channel belts and associated smaller channels (including some crevasse channels). Widespread peats and clayey-peats occur in the central ('distal') parts of Middle Holocene floodbasins, representing times when regional groundwater rise outran clastic deposition. Local intercalated clayey beds occur within these generally peaty floodbasins, which could be traced laterally to channel belt deposits (levee and crevasse-channel deposits). At the base of the Holocene sequence a clayey peat is found. Its presence indicates the onset of aggradation, as the basal peat formed when groundwater level rose above the valley surface. Basal peat dates from the study area range between 7.2 and 6.8 kyr cal BP. Isolated patches of older basal peat are also found (i.e. a strongly humic clay conventionally dated 8.5 kyr cal BP, Hofstede et al., 1989) . These patches represent wet environments in small lows on the Early Holocene floodplains, inherited from the underlying surface morphology. Floodbasin peat post-dating 4.0 kyr cal BP is rare in this part of the Rhine-Meuse delta. The Holocene record can be subdivided into two major units: a clay dominated upper unit of Late Holocene age and a 2-4 m thick, clay-peat interbedded lower unit of Middle Holocene age (Fig. 3.4, unit B) . A stacked system of channel belts is embedded in the Middle Holocene floodbasin deposits (Fig. 3.4, unit A) , that by ~5.3 kyr cal BP was fully abandoned. Its deposits were covered by widespread peat, while the main Rhine discharge was routed north of the study area (see Berendsen & Stouthamer, 2001 ). Deposition of the upper 2 m of floodbasin clay (Fig. 3.4 ) starts ~4.9 kyr cal BP, and coincides with Late Holocene decreased aggradation rates.The abundant Late Holocene clay is attributed to changes in sediment discharge caused by both climatic change and human deforestation in the Rhine drainage basin and frequent nearby avulsions that brought a series of distributary channels into existence in the area (Fig.  3 .4, unit C). The present 'Lek' and 'Linge' channels ( Fig. 3. 3) are the human-controlled end members of these Late Holocene channels.
Late Glacial (OIS 2, Late Weichselian) subsurface
The reconstruction of the surface of the Late Weichselian (OIS 2, Figs. 3.3, 3.4 ) is primarily based on archived lithological borehole descriptions. Various criteria were applied, discriminating a Last Glacial Maximum (LGM, OIS 2) terrace and incised Late-Glacial and Early-Holocene (transition OIS 2/1) channel belts. These include geometric and lithostratigraphic relationships as well as sedimentary and pedogenetic features. The main criteria were: the relative elevation of the top of channel deposits; the lithology of these deposits, the presence, relative elevation, thickness, lithology and structure of the floodplain loam covering the channel deposits (Wijchen-member, see below), the spatial distribution and thickness of the oldest floodbasin clay beds and longitudinal continuity of channel belts (see Cohen et al., 2002) . The highest parts of the subsurface (Fig. 3 .4, unit 1) form a terrace dating to the LGM (OIS-2). Incised channel belts date to the OIS-2/1 transition ( Fig. 3 .4, unit 2) and have surfaces at ~1.5 m below the LGM terrace ( Fig. 3.4) . The Wijchen Member (Törnqvist et al., 1994) forming the top of the LGM terrace is a ~0.50 m thick clay-loam with admixed coarse sand. This deposit is an important stratigraphic marker in the Rhine-Meuse delta, and represents floodplain deposition during the OIS 2/1 transition, prior to the onset of Holocene aggradation. Scattered over the study area, isolated inland dunes of Late Glacial age (Kasse, 1995; Berendsen & Stouthamer, 2001 ) occur on top of the LGM terrace, along the younger incised channel belts. The Late-Glacial surface is similar to upstream areas, where the OIS-2 terrace geomorphology is still preserved (Berendsen et al., 1995; Huisink, 1997; Tebbens et al., 1999; 2000) . The reconstruction further suggests that Early Holocene meandering channels reworked the preceding OIS-2/1 channel belt and at some locations laterally cut into the superelevated OIS-2 terrace, similar to Early and Middle Holocene meander scars found upstream along the Rhine near the Dutch-German border (Klostermann, 1992; Berendsen & Stouthamer, 2001 ). Verbraeck (1984) , Hofstede et al. (1989) , Makaske (1998 ), Stouthamer (2001 . Names of channel belts refer to Berendsen & Stouthamer (2001) . A correlation of NW European terrestrial chronostratigraphy with marine (SPECMAP, Martinson et al., 1987) and Greenland ice core (following Walker et al., 1999) oxygen isotope stages is provided. 
____________

Methods
Field activities in the summer of 1999 and 2000 consisted of collecting 70 additional hand corings (auger holes). Using the methodology described by Berendsen & Stouthamer (2001) , cores were described in the field at fixed intervals of 10 cm. Cores were systematically numbered and the geographical location (± 5 m, Dutch coordinate system) and surface elevation (± 0.1 m, relative to O.D. = NAP ≈ mean sea level) was registered. At locations where radiocarbon samples were taken, surface elevation and sample depth were obtained though leveling, with an accuracy of ± 2 cm. Fieldwork concentrated on two sites: (1) at the buried Late Glacial dune 'Treeft' (Figs. 3.3, 3.5) where basal peat samples were collected to reconstruct Holocene aggradation rates, and (2) along a longitudinal transect (Figs. 3.3, 3.6) in which the effects of neotectonic activity were studied.
Radiocarbon dating groundwater-level index points
Eleven basal peat samples were collected from 30-50 cm long cores spanning the transition of the Late-Glacial subsurface to Holocene basal peat. The basal peat in the core was cut in 1-cm thick slices starting 2 cm above the interface with underlying substrate and organic macrofossils were selected using a 150-µm sieve. Specific macrofossils, mainly Alnus nuts (following Törnqvist et al., 1998) were radiocarbon dated at the R.J. van der Graaff laboratory, Utrecht University, using the accelerated mass spectrometry (AMS) dating technique. The age and depth of 21 basal peat samples (12 earlier dated samples, 9 samples collected for this study) were used as a proxy for groundwater level ( Fig. 3.7) . Each basal peat sample directly indicates a palaeo-groundwater level. The largest source of uncertainty in this proxy is the tolerance of the dated plant species to variations of the groundwater level. Age and depth errors related to the sampling are of minor importance. Törnqvist et al. (1998) estimate the vertical accuracy of AMS-dated Alnus peat as a proxy for average groundwater levels in the floodbasin at ± 10 cm, with a bias towards levels slightly above the sample, because of its preservation as peat. At our dune site 'Treeft', the difference in elevation of some of the samples is < 30 cm, and the resulting dates do not overlap within a range of one standard deviation. This indicates that a vertical accuracy of 20 cm for this proxy is a fair estimate, at least for the period of relatively rapid groundwater rise in the Middle Holocene. Table 3 .1 presents all the radiocarbon dates used in this paper.
Series of dates from Holocene peat, overlying the flanks of isolated inland dunes can be used to reconstruct the rise of groundwater. Age and depth of basal peat dates plot as groundwater-index points on groundwater rise curves. This method was first applied to quantify relative sea-level rise from near-coastal sites (Jelgersma, 1961; Van de Plassche, 1982) . Later it was used in inland fluvial floodbasins (Van Dijk et al., 1991) . The location of the basal peat, directly overlying dune sand, virtually excludes effects of post-depositional compaction and the elevation of the basal peat samples directly represents the regional groundwater-table elevation at the time of peat formation. Alternatively, dates from basal peat overlying the LGM terrace are used as groundwater index points. Prior to the formation of this peat, the terrace surface was superelevated above regional groundwater levels for a considerable period of time. The Wijchen Member loam on top of the LGM terrace represents a period of 3-6 cal kyr between abandonment (~15 kyr cal BP) and Middle Holocene peat formation (~7 kyr cal BP). The structure of the Late Glacial loam indicates pedogenesis (i.e. lessivage). The 0.5-m thick loam is assumed to have compacted to this thickness mainly during stages of active pedogenesis and subaerial exposure, and did not compact after burial. The loam on average has the same thickness all over the RhineMeuse delta, no matter if it is buried by 15 meters of Holocene clay and peat, by 5 meters of Holocene clay or is hardly buried at all and still partly subaerially exposed (Berendsen & Stouthamer, 2001) . Hence, compaction of the loam after the peat formed can be neglected and basal peat samples from this type of location can be used as groundwater-indicators, similar to basal peat at dune flanks.
Groundwater levels prior to the onset of aggradation can not be reconstructed using basal peat levels, but some general estimates can be made based on subaerial pedogenetic features in the Wijchen Member and based on the preservation of in-fills of Late Glacial residual channels. The Wijchen Member pedogenetic features point to groundwater-levels (before the onset of aggradation) that must have been at least 0.5 meter below the surface for some time. Residual channels filled with Late Glacial and Early Holocene peat and gyttja in oxbow lakes have been locally preserved and indicate a minimum Early Holocene groundwater level of 0.5-2.0 m below the LGM terrace surface (Cohen, in prep. ). Thus, unlike sea level, the groundwater-level was not tens of metres below the present level in the Early Holocene, but at max. 1-2 meters below the OIS-2/1 valley surface, as was also expected given hydrological considerations on groundwater and fluvial discharge (De Vries, 1974) .
Site descriptions
For the 'Zandberg' inland dune, centrally located in the study area, series of samples were available (Table 3 .1; Van Dijk et al., 1991; Törnqvist et al., 1998) . More basal peat samples were collected in its vicinity, as well as at new sites to expand the age-depth range and increase spatial coverage and temporal resolution of reconstructed aggradation rates.
Buried dune site 'Treeft'
Five basal peat samples were collected from the flanks of the buried eolian dune 'Treeft' (Fig.  3 .5) in the western part of the study area ( Fig. 3.3 ). All samples are used as groundwater-index points. Samples 1, 2 and 3 (Table 3 .1) at the western flank and sample 5 at the eastern flank are taken from a clayey peat layer on-lapping the dune between -0.5 and +1.0 m. The presence of a palaeosol directly beneath these samples suggests an undisturbed contact between peat and subsurface. Disturbed basal-peat contacts (i.e. resulting from slumps along steep dune flanks) were avoided because macrofossils at such locations are not in-situ and thus do not represent the groundwater level. Sampling from local depressions was avoided by drilling cores at distances less than 5 m. Local depressions have to be avoided, because peat formation here may have started earlier (Van de Plassche, 1982; Törnqvist et al., 1998) . The lowest-elevated sample 4 (Table 3 .1; Fig. 3 .5; -2.20 m) dates basal peat that formed at a relatively high-elevated location on the Late Glacial surface. At the 'Treeft' site, the transition (at 1 m + O.D, Fig. 3 .5) between the peat-clay intercalated lower unit and the clayey upper unit marks the beginning of activity of the nearby 'Hennisdijk' channel belt (Fig. 3.3) , that was dated by various authors (Verbraeck, 1984; Makaske 1998) . Sample 6 (Table 3 .1; Makaske, 1998) is from a humic clay layer that can be traced across the section. At the western flank it intersects the dune at 1.5 m +O.D., indicating a groundwater level at that stratigraphic position just before the 'Hennisdijk' channel formed. Since this elevation is indirectly derived from laterally tracking a lithological transition, this index point is less accurate than directly dated basal peat samples. 
Longitudinal section
To trace the PBF-zone within the Holocene sediments and Late Glacial subsurface, a 7-km long longitudinal section was cored, at a location based on the available data ( Fig. 3.3) . The section aimed: (1) to traverse mainly distal floodbasin deposits, as far away as possible from Holocene channels; (2) to cover a relatively old patch of the Late Glacial subsurface; (3) to cover a large distance both upstream and downstream from the approximate position of the PBF. The section is located parallel to the present channels 'Lek' and 'Linge' (Fig. 3.3 ) and terminates at the subrecent 'Ommeren' and 'Buren' channel belts (Figs. 3. 3, 3.6). It was constructed using new cores and additional selected cores from the database. In four cores clayey basal peat was sampled to obtain radiocarbon dates for the onset of aggradation along the section (sample 8, 10, 11, 12; Table 3 .1). Four additional peat samples were used to further date the floodbasin sequence (sample 7, 9, 13, 14; Table 3 .1).
Within the section several smaller channel belts and crevasse channels of Middle Holocene age are recognized that have coexisted with the 'Maurik' and 'Zoelmond' (Fig. 3. 3) channel belts, and some Late-Holocene crevasse channels were also recognized. The main part of the section consists of floodbasin deposits, with the earlier described Middle Holocene clay-peat-intercalated lower unit (-1 to +2 m) and Late-Holocene clay-dominated upper unit (>2 m). Following the radiocarbon dates (Table 3 .1) the Middle Holocene unit formed between 7.2 kyr cal BP and 4.9 kyr cal BP, covering the period of highest Holocene aggradation rates in this area.
… the upstream part. An abrupt change in facies is observed 200 m west of the Amsterdam-Rhine canal, and coincides with an irregularity in the LGM subsurface. At this position an active fault is inferred.
Results
Fault-displacement in the longitudinal section
To find the Late Glacial and Holocene-active faults of the PBF zone, we looked for longitudinal change in sedimentary facies and vertical deformations of isochrone surfaces within the coastal prism (see Fig. 3 .2). Three indications for neotectonic activity were found in the longitudinal section ( Fig. 3.6 ):
(1) East of the Amsterdam-Rhine canal, the lower floodbasin unit consists predominantly of peat, while to the west clay beds are intercalated in the peat (Fig. 3.6 ). This is in contrast with the general downstream trend in the Rhine-Meuse delta, which is a downstream decrease in clastics and increase in peat (Törnqvist, 1993; Berendsen & Stouthamer, 2001 ). The floodbasin clays intercalated in the peat are the distal ends of the crevasse splays of crevasse channels that are also recognized in the lower floodbasin unit. Alternative ways of sediment delivery like discharge overtopping the levee instead of breaching it, will have contributed sediment too, but the number of crevasse channels and the lateral grading into distal clayey splays and floodbasin clayey peat points to splay formation as the most important contributor. The local, abrupt change of facies seems to be related to differences in aggradation rates in the upstream and downstream part of the section: Clastic sediment entering the floodbasin from the surrounding channels was preferentially deposited in the most subsiding area (similar to Fig. 3.2B ). This does not necessarily imply that fault activity caused breaching and created crevasse splays, but apparently splays preferentially developed in the more subsiding area.
(2) Middle Holocene aggradation over the lower parts of the LGM (OIS 2) terrace surface started around 7.2 kyr cal BP (Sample 8, 11, Table 3 .1) and some 100 years later covered the higher parts of the surface (Sample 10, 12). The four basal peat samples in the section thus all yield similar ages (7.2-6.9 kyr cal BP, Table 3 .1), but the downstream samples (11, 12) and upstream samples (8, 10) differ ~0.60 m in elevation (Fig. 3.6 ). This elevation difference occurs over a short distance (2 km between the mean coordinates of both sample pairs) and the apparent gradient in the 7.1 kyr cal BP groundwater level is high (0.3 m/km) compared to later Holocene gradients (0.1-0.2 m/km, Van Dijk et al., 1991) . The lateral continuity of the basal peat and its macrofossil composition suggests that the paleo-groundwater level was fluvially controlled and had a gradient that only changed very gradually over space. It is therefore concluded that the present ~0.60-m basal-peat elevation difference is anomalous: After the peat formed, downstream samples must have subsided relative to upstream samples (post-depositional deformation, as in Fig. 3.2A) . Not all of the ~0.60-m sample offset can be attributed to vertical deformation, corrections should be made (see below). (3) One of the major irregularities in the buried LGM (OIS-2) terrace coincides with the longitudinal facies change in the overlying Holocene sequence and the palaeo-groundwater age-depth anomaly at the onset of aggradation. The top of the Late Glacial surface was mapped in a 4-km wide zone along the section. The offset could be traced for about 2 km perpendicular to the transect of Fig. 3 .6 and was found to crosscut the LGM (OIS 2) terrace as well as the Late Glacial (OIS 2/1) channel belt ( Fig. 3. 3). The upstream side is about 0.7-1.0 m higher than the downstream side. The NW-SE direction matches the strike of the faults known from the deeper subsurface (Van Montfrans, 1975) . It is concluded that the irregularity marks one of the faults of the PBF that was active during the last 15 kyr, dividing the section into an upstream reach that was relatively elevated and a downstream reach that was relatively subsiding (similar to Fig. 3.2A ).
Because these three phenomena occur at the same location, combined with known existence of faults at depth, this leads us to conclude that differential subsidence in the study area not only caused post-depositional deformation along the inferred fault, but also was a syn-depositional control over the last 15,000 years.
Reconstructed groundwater level rise
Holocene groundwater level rise reflects increasing accommodation space (Van Dijk et al., 1991; Blum & Törnqvist, 2000) . Curves representing regional (floodbasin) groundwater level rise are presented in an age-depth graph (Fig. 3.7) . All curves essentially have the same sigmoid shape: rise is increased but relatively slow prior to the onset of extensive basal peat formation (7.2 kyr cal BP). The most rapid rise occurred after the onset of basal peat formation, and rates decreased after 5.5 kyr cal BP. The difference in elevation between individual curves primarily is the effect of the river gradient: like the water level gradient in the active channels, the groundwater level in the floodbasins between the channels is higher at further upstream sites (Van de Plassche, 1982; Van Dijk et al. 1991) . To draw the curves, all dates from site 'Treeft' (Fig. 3.5 ) and from the longitudinal section (Fig. 3 .6) were accepted as correct. The previously published dates of the 'Zandberg'-site (Van Dijk et al. 1991 , Törnqvist et al. 1998 ) and surrounding area (Hofstede et al., 1989) were all accepted, except one sample that was rejected because it was clearly too young (date 19; Table 3 .1). (Table 1) , with the index point plotted at the mean of the largest calibrated-age sub-range. Heights of error boxes (following Törnqvist et al., 1998) : 0.15 m for AMS dated samples in series, 0.25 m for isolated AMS-dated samples, 0.35 m for conventionally dated samples in series, 0.50 m for isolated conventionally dated samples. Of this height, 2/3 is above the index point and 1/3 is below it, incorporating bias towards palaeo-groundwater levels slightly above the preservation depth of the sampled peat. Age-range probability histograms for individual samples were created using the OxCal Program (Bronk Ramsey, 1995; version 3.5 ) and the latest calibration data set (Stuiver et al., 1998) .
The upstream curve covers the 8.5-6.5 kyr cal BP period, and represents the stage prior to extensive basal peat formation, when peat formation only occurred locally (date 15). The 'Treeft' and 'Zandberg' sites cover the period 7.5-4.0 kyr cal BP and show that by ~7.0 kyr cal BP (sample 4, 8, 10-12) groundwater level had risen above the OIS-2 valley surface. The steep curve between 7.0 and 5.0 kyr cal BP represents the stage of most rapid groundwater-level rise, with widespread peat formation in the distal parts of the floodbasin, and crevasse-splay deposition (see above) downstream of the inferred fault (Fig. 3.6 ). After 5.7 kyr cal BP rates decreased towards an approximately linear rate of 0.5 m/kyr. After 4.0-kyr cal BP peat is absent in the floodbasins, hence no basal peat index points are available from this period.
The 'Treeft' site is located 5 km downstream of the 'Zandberg' site. Groundwater levels at 7.0 kyr cal BP differ by ~1.2 m between the two sites ( Fig. 3.7) , yielding a floodbasin groundwater gradient of ~0.2 m/km, approaching the valley gradient of the OIS-2/1 floodplain (0.25-0.30 m/km). At this time, aggradation had just set in and channel belts in the study area were adapting their gradient that was inherited from the Late Glacial valley to a lower, sea-level influenced gradient (~0.1 m/km) of the coastal prism (Van Dijk et al., 1991) . The groundwater curves show that by 6.0 kyr cal BP the floodbasin gradient had decreased to ~0.1 m/km and remained constant since.
Quantified differential subsidence
Vertical displacements along the inferred fault in the longitudinal section (Fig. 3.6 ) are quantified for two stratigraphic levels of known age, respectively the palaeo-groundwater level in Middle Holocene basal peat (Table 3. 2) and the level of top-of-channel deposits in the LGM (OIS 2) buried terrace (Table 3. 3).
Vertical displacement rates, Middle-Holocene basal peat
The elevation difference in the 7.3-7.0 kyr cal BP basal peat (Figs. 3.6, 3.7: samples 8, 10-12) is ~0.60 m, but only part of this difference is a tectonic offset. To calculate fault displacement from the elevation difference between basal peat samples (sample-offset), a correction is made for (1) the syn-depositional downstream groundwater gradient between the samples: the 'gradient' offset and (2) for differences in age between the samples: the 'age difference' offset ( Fig. 3.8 ).
(1) The gradient offset (Fig. 3.8 ) is calculated by multiplying the known sample-distance with a presumed gradient. This gradient ranges between the valley gradient (0.30 m/km) of the OIS-2/1 floodplain and the present (0.10 m/km) groundwater gradient (Van Dijk et al., 1991) . The steeper the presumed paleo-groundwater gradient, the lower the displacement rate. Inferring the presence of a fault also introduces the possibility of additional local fault-related hydrologic effects. However in this case of longitudinal gradients in a fluvial floodbasin, with an average groundwater table at/above the surface and with high-permeable sand-gravel on either side of the fault in the first meters below the surface, we neglected such effects.
(2) The calibrated calendar age ranges of the basal peat datings (samples 8 and 11 in particular) on either side of the fault partly overlap in age range. This may indicate a single paleogroundwater level (zero age-difference) but may also allow for an age difference of up to 200 years. Because of the back-filling setting causing the peat to form, it is probable that the downstream sample is older and the upstream sample is younger. For a range of presumed age differences, the 'age-difference' offset is calculated by multiplying age-lag with the rate of groundwater rise in the study area (0.8 m/kyr between 7.3-7.0 kyr cal BP, based on Fig.  3.7) . A larger presumed age difference yields a lower displacement rate estimate. The gradient offset and agedifference offset between the groundwater levels were present at the time the peat was formed ('syndepositional' situation). By subtracting these offsets from the present sample offset, the tectonic offset can be estimated.
g g gr r ro o ou u un n nd d dw w wa a at t te e er r r t t ta a ab b bl l le e e
Estimates for vertical displacement rates of the basal peat are made for different combinations of values covering a realistic range for groundwater gradient and age-difference (Table 3 .2). A first estimate is based on the oldest dates on either side of the inferred fault, samples 8 and 11. Both are from relative lows in the buried LGM (OIS 2) terrace (Fig. 3.6 ) and are therefore directly comparable groundwater index points. Alternatively, an estimate based on the means (age, depth) of sample-pairs on either side of the fault is made, for the 7.1 kyr cal BP groundwater level. This is a slightly younger level compared to the first approach and therefore its groundwater gradient probably was slightly lower. Furthermore, as an effect of averaging sample-pairs, also the agedifference is less than in the first approach. Hence, in Table 3 .2b, gradients exceeding 0.25 m/km and age differences exceeding 150 yr are not realistic assumptions, yielding negative values (technically implying inverse movement along the fault). Realistic values for displacement rates range between 0.03 and 0.07 m/kyr (Table 3 .2), averaged over the last 7 kyr. They imply that 0.2-0.4 m of total relative displacement occurred, which is 5-10% of the 5 meters of total aggradation just downstream of the inferred fault (Fig. 3.6 ). Diverging groundwater level curves (Fig. 3.7 ) may be an indication of differential subsidence ( Fig. 3.2C ). The resolution of basal-peat groundwater index points (depth error ~0.20 m) only allows comparison of differential effects between older parts of the curves, that have been exposed to the low post-depositional differential rates (~0.06 m/kyr) long enough (>5 kyr) to be displaced a significant amount (>0.30 m). The 'upstream' and 'central' curves (Fig. 3.7) are based on the basal peat sample-pairs of the longitudinal section (Fig. 3.6 ). These curves don't span a wide enough temporal range to show clear divergence back in time. The older parts of the groundwater-level curves of the dune sites (7.5-6.0 kyr cal BP) do diverge back in time. As discussed above, this is mainly due to the not-constant groundwater gradient (the older the samples, the steeper the floodbasin gradient and therefore the bigger their difference in depth), but the divergence may also include some differential subsidence.
Vertical displacement rates, Last Glacial Maximum (OIS 2) subsurface
The offset in the top of the buried LGM terrace in Fig. 3 .6 is ~0.9 m, based on the descriptions of the boreholes within 200 m of the fault. An age of abandonment of 15 kyr cal BP is presumed for this terrace, which is consistent with available dating evidence (radiocarbon, OSL, palaeosols, pollen; Verbraeck, 1984; De Jong, 1995; Törnqvist et al., 2000; Wallinga, 2001; Berendsen & Stouthamer, 2001; Cohen et al. 2002) . The maximum estimate for vertical displacement rates along the inferred fault is ~0.06 m/kyr over the last 15,000 yr (Table 3. 3). Alternatively, the offset was calculated from analysis of longitudinal profiles of the top of Late Glacial sand, as recorded in 197 cores that penetrated the surface of the buried LGM terrace. The local offset (cf. Cohen et al., 2002) calculated from this gradient line is ~0.55 m (Fig. 3.9 ), 33% less than the offset found in the longitudinal section ( Fig. 3.6 ). The slope upstream of the inferred fault (0.33 m/km) is steeper than downstream (0.17 m/km). These values are respectively high and low, compared to the regional slope of the buried LGM terrace (~0.20-0.30 m/km; Berendsen & Stouthamer, 2001) . Steep upstream slopes and gentle downstream slopes in the longitudinal profiles of the Late Glacial valley are also observed further south across the PBF (Stouthamer & Berendsen, 2001; Cohen et al., 2002) . Syn-depositional tectonics might explain the lower gradient of the faster subsiding downstream hanging wall (Fig. 3.2A ), indicating that differential subsidence across the PBF was an active control in the LGM Rhine valley too. However, the present slope is not necessarily identical to the river gradient during deposition (Cohen et al., 2002) . Post-depositional tectonic deformations along unrecognized faults, tilting of blocks and tectonic warping without faulting may have changed the original slope. The gentle slope downstream of the fault may be caused by post-depositional back tilting and indicate that main subsidence occurred directly downstream of the fault while further downstream subsidence was less. This is not uncommon for fault zones and would also explain why estimates of fault displacement based on basal peat and the buried terrace surface within a few hundred metres upstream and downstream of the fault yield higher values (Tables 2a, 3a) , than estimates based on data selected over larger distances (Tables 2b, 3b ).
Absolute subsidence rates
Subsidence rates were quantified from the relative rise of groundwater at the buried dune sites 'Zandberg' and 'Treeft' (Fig. 3.7) . Rates of Middle-Late Holocene floodbasin aggradation at these sites approach rates of relative sea-level rise. Maximum rates of 2.0 m/kyr were reached 6.5-6.0 kyr cal BP. After 5.5 kyr cal BP these decreased rapidly to ~0.5 m/kyr. The latter rates are typical of areas of subsidence: global eustatic sea-level rise decreased to virtually zero, but subsidence continued to create accommodation space. Like relative sea-level rise, groundwaterlevel rise can be decomposed in a subsidence component (lowering the surface below the water table) and a component of absolute groundwater-table rise (controlled by either downstream eustatic sea-level rise or upstream 'climatic' changes in discharge). Groundwater level gradients have been constant during the Middle Holocene (Van Dijk et al., 1991) , i.e. the component of absolute groundwater level was spatially constant. However, aggradation between 7.0 and 5.5 kyr cal BP at dune site 'Treeft' exceeds that of relative sea-level rise (Van de Plassche, 1982; inset Fig. 3.7) . Hence, during this period, local subsidence must have exceeded subsidence in the coastal area.
A significant effect of changes in upstream discharge on groundwater levels is not recorded in the basal peat record, but is suspected after 4.0 kyr cal BP, when peat formation terminates in favor of clay deposition. Subrecent (after 4.0 kyr cal BP) aggradation rates are linear and slightly larger at the coast than in the study area (~0.7 respectively ~0.5 m/kyr). These values suggest that subrecent subsidence was larger at the coast and that upstream controls did not add significantly to aggradation in the study area. Presuming zero eustatic sea-level rise since 4.0 kyr cal BP, subrecent rates can be seen as maximum estimates of absolute subsidence. A more realistic estimate accounts for some eustatic rise ('melting tail', most probably ≤ 0.25 m/kyr sea level rise; Peltier, 2002) and effects of upstream discharge change, leaving 0.2-0.4 m/kyr of the total 0.5 m/kyr to attribute to subsidence. Combining this rate with the differential subsidence (0.03-0.07 m/kyr) within the study area suggests subsidence upstream of the inferred fault was 10-35% less then downstream.
Discussion
The control of active tectonics on alluvial rivers has long been recognized (Schumm et al., 2000) , and specific studies of syn-depositional fluvial response to tectonics are no longer rare. So far, syn-depositional response of active channels has been described in explorative studies, mapping changes of in-channel morphology of active rivers over different tectonic reaches of their alluvial valley. Fluvio-deltaic systems are usually excluded from these studies, because the sedimentary architecture there is primarily attributed to downstream controls (i.e. tides, storms, sea-level rise). Studies focussing on tectonics in overbank sediments of alluvial valley floodplains (such as the New Madrid Seismic Zone in the Mississippi valley (NMSZ), Guccione et al., 2002) or deltaic floodbasins (such as this study) are still rare. Yet, deltaic reaches are low-gradient reaches, and low-gradient channels are believed to be most sensitive to subtle neotectonic deformation (Holbrook & Schumm, 1999) while their Holocene records, particularly in the floodbasins, are relatively continuous and complete.
Local syn-sedimentary response and linearity of tectonic deformation
In the study area, both in the Middle Holocene (rapid aggradation) and in the Late Holocene (slower aggradation) crevasse splays preferentially developed downstream of the inferred fault, i.e. the spatial distribution of the splays reflects the difference in subsidence rates. Linearly averaged over the Middle-Late Holocene, rates of differential subsidence are very low (<0.07 m/kyr) and it is not probable that in reality linear gradual deformation (tectonic creep) could have had such a persistent effect on crevasse-splay locations. Probably, most of the Middle-Late Holocene offset is essentially related to a shorter period of high fault activity. Given the observation that 7.0-5.5 kyr cal BP subsidence was larger in the study area than at the coast, while for the remaining Holocene it was not, the 0.20-0.40 m offset is probably related to displacement (tentatively related to PBF-earthquakes driving fault offset) within this period. This activity can have caused significant lowering downstream of the fault, followed by the development of crevasse splays. Since these splays cover basal peat, subsequent auto-compaction (Allen, 1999) may have further amplified this response to tectonics in the floodbasin architecture. Effects of major Middle-Holocene displacement will not have been limited to the study area and may also have favored Middle Holocene avulsions at the deltas main nodal avulsion site (Wijk bij Duurstede, Fig. 3. 3) directly to the north .
Deglaciation-related tectonic activity
While Holocene syn-depositional evidence points to non-linear displacement rates across the PBF, post-depositional offsets since 15 kyr respectively 7 kyr cal BP give roughly similar rates, pointing to linearity over the full time scale of this study. In addition to normal extensional tectonics of the RVG (Houtgast & Van Balen, 2000) , Late Glacial fault activity might be enlarged due to fore-bulge collapse (Lambeck et al., 1998; Van den Berg et al., 2002; Cohen et al., 2002) . In that case, high Late-Glacial rates, decreasing towards the Holocene can be expected. Accepting a Middle-Holocene event causing most of the post 7.0 kyr BP displacement would imply that the last major event occurred roughly 6,000 years ago. Apart from normal tectonics and forebulge collapse this last activity might also be (partially) attributed to loading by the filling North Sea and aggrading coastal prism (hydro-isostasy; Lambeck et al., 1998; Peltier, 2002) that at the present coast starts in the Early-Middle Holocene (Stanley & Warne, 1994) and thus lags Late Glacial forebulge collapse. Thus, though the syn-sedimentary effect of differential subsidence is independent of deglaciation related controls as upstream climate change and sea-level rise, the timing of tectonic events causing post-depositional deformation might be related.
Coastal-prism differential subsidence
Because coastal areas at the edge of sedimentary basins are areas of subsidence, the build-up of coastal prisms by low gradient rivers has continued over the second half of the Holocene (Posamentier et al., 1992; Stanley & Warne, 1994; Talling, 1998) , despite the dramatic decrease in eustatic-driven sea-level rise. Subsidence rates can vary along the longitudinal profile of deltaic rivers, whereas there is only one rate of eustatic base-level rise for the entire coastal prism. This results in spatially variable sedimentary response to water-level rise. Many coastal prisms, in particular these of larger rivers, are aligned with the tectonic structure (e.g. Mississippi River, Po River, Orinoco River). In that case variation in subsidence along the delta-axis is gradual and differential subsidence will be hardly recognizable as an independent control. The glacially imposed valley of the Rhine, however, crosses the structural trend, which results in an abrupt downstream increase in subsidence. Hence significant syn-depositional effects in floodbasin architecture occurred, and tectonics could be identified as an independent local control to fluviodeltaic deposition. This control locally affected aggradation rates and crevasse-splay development (this study) and regionally affected avulsion . Similar syndepositional controls on floodbasin architecture have been identified in alluvial valley settings. For example at New Madrid Seismic Zone where a crevasse splay is documented that preferentially developed in the down warped area directly NE of the Lake County Uplift (Guccione et al., 2002) and within the Okavango Fan panhandle-region, where the transition from meandering to avulsive anastomosing reaches has been related to activity of the upstream faultzone of a subsurface graben (Smith et al., 1997) . This study shows that across active normal faults, rivers in their deltaic reaches experience similar tectonic controls as identified by studies in alluvial valleys. Despite the strong overprint of sea-level control in the back-filling coastal prism reaches, the floodbasin does record the tectonic control. Within the Lower Mississippi valley, considering distance to the river mouth, the South Louisiana Growth Faults region around Baton Rouge (Autin et al., 1991) might allow for more direct comparison with this study than NMSZ. The tectonic control identified in the Rhine-Meuse delta, might be of importance in other highstand coastal-prisms too.
Conclusions
The Holocene fluvial record in the study area reflects the tectonic control of differential subsidence on floodbasin aggradation. The location of an active fault belonging to the PBF could be inferred from longitudinal changes in sedimentary facies, from deformations in sedimentary surfaces and from analysis of dated basal peat as a palaeo-groundwater level indicator. Differential subsidence was quantified from fault-related post-depositional vertical displacement of surfaces of known age (~0.9 m in the LGM subsurface; 0.2-0.4 m in the Middle Holocene basal peat, 7 to 15 kyr-averaged rates 0.03-0.07 m/kyr; Table 3 .2, 3). High rates of subsidence between 7.0-5.5 kyr cal BP together with the syn-depositional evidence suggest the last major offsetting along this fault of the PBF occurred in the Middle Holocene and hence differential subsidence occurs at non-linear rates over time-scales smaller than 7,000 yr.
This study shows that active tectonics can cause syn-sedimentary response in coastal prism deltaic reaches, just like in alluvial valley reaches. Despite the strong overprint of sea-level control, aggrading deltaic floodbasins can record tectonics locally, since subsidence rates across faults vary, whereas there is only one rate of eustatic/climatic base-level rise for the entire coastal prism. This implies that back-filling should not solely be attributed to downstream relative sealevel rise dominating upstream controls, but that local differential subsidence is an independent control too. The timing of tectonic events in coastal prisms not necessarily is independent from sea-level rise that caused most of the aggradation and a hypothesis coupling coastal-prism fault activity to hydro-glacio-isostasy should be considered.
